Measuring the internal energies of species emitted from hypervelocity nanoprojectile impacts on surfaces using recalibrated benzylpyridinium probe ions We present herein a framework for measuring the internal energy distributions of vibrationally excited molecular ions emitted from hypervelocity nanoprojectile impacts on organic surfaces. The experimental portion of this framework is based on the measurement of lifetime distributions of "thermometer" benzylpyridinium ions dissociated within a time of flight mass spectrometer. The theoretical component comprises re-evaluation of the fragmentation energetics of benzylpyridinium ions at the coupled-cluster singles and doubles with perturbative triples level. Vibrational frequencies for the ground and transition states of select molecules are reported, allowing for a full description of vibrational excitations of these molecules via Rice-Ramsperger-Kassel-Marcus unimolecular fragmentation theory. Ultimately, this approach is used to evaluate the internal energy distributions from the measured lifetime distributions. The average internal energies of benzylpyridinium ions measured from 440 keV Au 400 +4 impacts are found to be relatively low (∼0.24 eV/atom) when compared with keV atomic bombardment of surfaces (1-2 eV/atom).
I. INTRODUCTION
Mass spectrometrists have long recognized the importance of ion internal energy for understanding the relative abundances of mass spectral peaks. [1] [2] [3] [4] The challenge is to quantify the amount of energy imparted to gas phase ions as a function of the ionization technique. One system developed for measuring ion internal energy distributions utilizes a series of benzylpyridinium (BPY) probe ions. This suite of molecules is attractive for understanding the parameters involved in the generation and manipulation of gas phase ions because: (1) fragmentation largely proceeds via a single pathway; (2) substitution on the benzyl ring enable control of the fragmentation activation barrier; (3) the series of molecules are all similar in mass and structure, giving them similar detection efficiencies in mass spectrometric applications; (4) the use of an organic molecular system should allow for extrapolation to predict internal energies of larger organic species. Figure 1 shows the favored fragmentation pathway for a generic BPY ion which yields a substituted benzyl fragment ion (F + ) as well as a neutral pyridine (Py 0 ) molecule. By changing the benzyl side group, the activation barrier for this reaction can be modified such that different BPY ions can be used to probe various points along the internal energy distribution. The benzylpyridinium ion system has been used to characterize a variety of ionization techniques including electrospray ionization, 5, 6 desorption electrospray ionization, 7 matrix-assisted laser desorption a) Electronic mail: schweikert@chem.tamu.edu ionization, 8 electrospray droplet impact, 9 atomic projectile secondary ion mass spectrometry (SIMS), [10] [11] [12] and cluster projectile SIMS. 13 The latter has become a method of choice for molecular surface analysis. [14] [15] [16] [17] [18] Small and large clusters of tens of keV (e.g., Au 3 + , Bi 3 + , C 60 + ) generate increased yields of emitted molecular ions. [19] [20] [21] The abundance of parent ions increases still further in bombardment with Au 400 +4 (a nanoparticle 2 nm in diameter) at energies up to a few MeV. 22 The trend of increasing secondary ion yields prompts the question of whether the observed yields are merely survivors from a much larger initial ion population which undergoes extensive fragmentation or if, on the contrary, the observed yield represents species which are formed with low internal energies from a "soft" initial process of emission. The objective of the present study was to measure the initial energies carried by BPY ions ejected from 440 keV Au 400 +4 impacts. We have previously reported on their survival yields (SYs). 13 These measurements were performed according to the original survival yield method 10, 12 which entails plotting BPY ion survival yields in a breakdown curve. Differentiation of this breakdown curve is then used to generate an internal energy distribution to describe all emitted species. However, this distribution is not a measure of the total internal energy of the molecule, but instead "gives only the energy distribution on the vibrational mode inducing dissociation." 10 Despite this somewhat awkward definition, the survival yield method is still useful as a comparative measure of internal energy by modifying parameters on a given instrument. 7 However, these comparative measurements do not provide absolute values which can be directly compared across instrumentation and ionization techniques. This shortcoming is due to the fact that this procedure ignores the time domain. The time dependence of the fragmentation process necessitates an additional theoretical description of how the fragmentation rate for a given molecule depends on the internal energy imparted. Subsequent studies have improved theoretical treatment of the BPY system to account for the time domain. 11, 23, 24 For all three studies as well as the present study, Rice-Ramsperger-Kassel-Marcus (RRKM) unimolecular fragmentation theory was used in this capacity.
Two of these recent studies recalculated the original AM1 critical bond energies at the Becke-3 exchange and Lee-YangParr correlation functional (B3LYP) level to improve calculation accuracy and offered alternate descriptions of BPY ion transition states. Naban-Maillet et al. 24 used a simple preexponential factor to characterize the transition states of all BPY ions. In a more rigorous approach, Morsa et al. 23 performed Density Functional Theory (DFT) calculations to obtain ground state oscillator frequencies. However, the authors arbitrarily defined the transition state frequencies by eliminating the cleaving oscillator and reducing five random frequencies by 25%.
In this study, the theoretical framework for extracting internal energy information from the analysis of BPY "thermometer" ions is revisited in two distinct thrusts. First, the critical bond energies for all BPY ions are systematically reevaluated at semi-empirical, density functional, and ab initio levels of theory. We also report the first set of ground and transition state oscillator frequencies calculated at each point along a relaxed potential energy scan for each of the BPY molecules. Second, we introduce a novel approach to extracting ion lifetime distributions for these ions from time of flight analyses. This development allows for direct conversion of the experimentally measured lifetime distribution into an internal energy distribution via the RRKM formalism. 25, 26 
II. EXPERIMENTAL METHODS

A. Sample preparation
1-(4-nitrobenzyl)pyridinium bromide and methanol were purchased from Sigma Aldrich (St. Louis, MO). 1-(4-methoxyphenyl)methylpyridinium tetrafluoroborate, 1-(4-methylphenyl)methylpyridinium bromide, and 1-(4-chlorophenyl)methylpyridinium chloride were purchased from the Florida Center for Heterocyclic Compounds (Gainesville, FL). 1-(4-cyanobenzyl)pyridinium chloride was purchased from Otava (Toronto, Ontario, Canada). One mg/ml solutions of each BPY salt in 1:1 MeOH/H 2 O were electrosprayed onto separate gold-coated silicon wafers (Silicon Valley Microelectronics, Santa Clara, CA). 
B. Mass spectrometry
All analyses were performed on a custom-built SIMS instrument fitted with a gold liquid metal ion source (LMIS) capable of accelerating mass selected gold clusters (Au n +q ) to kinetic energies of 120 × q keV. A diagram of the instrumental setup is provided in Figure 2 . Two time-of-flight (ToF) spectra were generated for each sample using 5 and 10 kV secondary ion accelerating potentials applied to the target. This procedure allows for the observation of ion fragmentation across two distinct time windows. The floating potential applied to the LMIS was adjusted to offset the potential applied to the sample which decelerates the projectile. In this way, a final impact energy of 110 × q keV (440 keV for Au 400 +4 ) is obtained regardless of the target potential. The primary ion beam was pulsed across an aperture such that individual gold clusters impact the sample with a frequency of ∼1000 Hz. Upon impact, any secondary ions formed are accelerated (5 or 10 kV) across an 11 mm gap towards a 90% transmission grid maintained at ground. A static magnetic field, B 0 , generated by a magnetic prism was used to deflect H + (protons) towards a chevron microchannel plate (MCP) assembly. The prompt H + signal generated was used to register the projectile impact and serves as a start for the ToF measurement. Secondary ions mass 40 and above traverse the magnetic field with minimal deflection along 1.019 m field free flight path. Ions pass through a second 90% transmission grid where they are post-accelerated across a 33 mm gap towards a second MCP detector which signals each ion arrival time.
All secondary ions signals are acquired for each projectile impact event prior to each subsequent impact, with ∼10 6 summed impact events constituting each mass spectrum. Additional information about the experimental setup and massive gold cluster production has been reported previously. 13 , 27, 28
C. Computational details
All calculations were performed using the GAUSSIAN 09 suite of software. 29 (Boese-Martin for Kinetics τ -dependent hybrid functional) levels of theory with a Pople triple-ζ quality basis set including diffuse and polarization functions (BSI = 6-311++G(2d,p)). 34, 35 Full geometry optimizations were performed and stationary points were characterized via analytical frequency calculations for the parent, daughter ion, and pyridine molecules unless otherwise specified. MP2/BSII (second-order Møller-Plesset perturbation theory, 36 BSII = 6-311++G(d,p) 34, 35 ) geometry optimizations and frequency calculations were performed on the p-Cl parent, daughter ion, and pyridine. Dissociation energies were calculated from CCSD(T)/BSII (Coupled-Cluster Singles and Doubles with perturbative triples) Single Point Energies (SPE) calculations at the B3LYP/BSI optimized geometries and the zero-point energy correction from the B3LYP/BSI frequency calculation (CCSD(T)/BSII//B3LYP/BSI). Dissociation energies were also calculated at the AM1, 37 HF/BSI, 38 B3LYP/BSI, MP2/BSII//B3LYP/BSI, MP3/BSII/ /B3LYP/BSI, MP4(SDQ)/BSII//B3LYP/BSI, and CCSD/ BSII//B3LYP/BSI levels of theory. Finally, the dissociation energy of the p-Cl model was also calculated from CCSD(T)/BSII SPE calculations at the MP2/BSII optimized geometries and the zero-point energy correction from the MP2/BSII frequency calculation (CCSD(T)/BSII/ /MP2/BSII).
III. RESULTS
A. Survival yield quantification
Five BPY molecules (p-OCH 3 , p-CH 3 , p-Cl, p-CN, and p-NO 2 ) with a broad range of C-N bond strengths were chosen for experimental investigation. A representative spectrum for p-CH 3 BPY is provided in Figure 3 +4 impacts using a 10 kV secondary ion accelerating voltage. Fragmentation tail is highlighted in red and the area integrated for the fragment peak is shaded. able signals from the BPY salt. Other abundant spectral signatures correspond to common surface contaminants (pump oil, residual gas, etc.). At this point it is useful to explicitly define a quantity known as the survival yield quantity as the ratio of intact ions detected to the sum of intact and fragment ions detected as shown in (1),
This figure of merit quantifies the fraction of molecular species which survive for detection. For most BPY ions, this quantity can be approximated by considering only the M + parent and F + fragment shown in Figure 1 , but the p-NO 2 spectrum (not shown) reveals additional peaks at masses 90, 122, 169, and 199 which can be assigned to additional fragment species. The presence of competitive fragmentation pathways is presumably due to the high C-N bond strength which becomes comparable with other bonds throughout the molecule. Indeed, the presence of competing fragmentation pathways for the p-NO 2 molecular ion has previously been reported by Barylyuk et al. 6 In this article, the authors note that the dissociation reaction for each of the BPY ions (loss of a neutral pyridine) displays the lowest activation barrier in nearly all cases, but the presence of alternative fragmentation pathways does result in an error in the internal energy determination, though the magnitude of this error is not quantified. The effect of multiple fragmentation pathways on the measured survival yield is visible in Figure 4 where the SYs observed for all five BPY ions are plotted versus their corresponding bond dissociation energies. The SY measured for p-NO 2 is overestimated when only the traditional fragmentation pathway is considered. This value can be corrected by incorporating the other identified fragments, though this simplistic approach does not account for the particular activation barriers of each alternate pathway. The p-NO 2 BPY ion is therefore excluded from subsequent experimental considerations.
FIG. 4. Survival yield values for five BPY ions generated by 440 keV Au 400
+4 impacts. Survival yields were measured using a 10 kV ion extraction voltage and are plotted using the CCSD(T)/BSII//B3LYP/BSI dissociation energies. The data are fitted with a sigmoidal breakdown curve which displays the asymptotic behavior of the predicted survival yield for theoretical molecules with much lower or much higher bond dissociation energies. 
B. Dissociation energy calculations
The bond dissociation energy (E 0 dissociation ) for each BPY ion was determined using Eq. (2), where E 0 daughter ion , E 0 pyridine , and E 0 parent ion are the calculated energies at 0 K for the daughter ion, pyridine, and parent ion (BPY ion), respectively,
The results of these calculations are shown in Figure 5 with their numerical values provided in Table I of the supplementary material. 46 This figure shows that the dissociation energies for each molecule vary by as much as an electronvolt across the levels of theory investigated. At the low end, AM1 and B3LYP/BSI energies show modest agreement with the HF/BSI values. However, increasing the level of ab initio theory from HF/BSI to MP2/BSII//B3LYP/BSI (which accounts for dynamic electron correlation) results in a significant increase in the calculated bond strengths. As evermore computationally expensive models are considered, moving from MP2/BSII//B3LYP/BSI to MP3/BSII//B3LYP/BSI, MP4(SDQ/BSII//B3LYP/BSI, CCSD/BSII//B3LYP/BSI, and finally CCSD(T)/BSII//B3LYP/BSI, calculated values begin to converge about the CCSD(T)/BSII//B3LYP/BSI numbers. The agreement between the four highest level ab initio models serves as a confirmation that the molecular systems are adequately described. An ultimate assessment of their accuracy would require comparison with experimental values. To determine how sensitive the CCSD(T)/BSII calculated dissociation energies were on the geometry used, CCSD(T)/BSII SPE calculations were performed at the MP2/BSII SPE optimized geometry for pyridine, and the parent and daughter ion of p-Cl. The CCSD(T)/BSII//MP2/BSII calculated dissociation energy for p-Cl (2.3748 eV) was within 0.0002 eV of the CCSD(T)/BSII//B3LYP/BSI dissociation energy (2.3750 eV); therefore, the CCSD(T)/BSII dissociation energy is not very sensitive to small changes in the geometry. BMK/BSI calculations show excellent agreement with these expensive calculations at just a fraction of the computational cost. 46 For the purpose of this study, dissociation energies calculated at the gold standard CCSD(T) level are used, while oscillator frequencies are obtained from BMK calculations. Dissociation energies for the full series of BPY ions from the literature have been recalculated at the CCSD(T)/ BSII//B3LYP/BSI level and are presented in Table I .
C. Extraction of rate constant and lifetime distributions
Time of flight mass spectrometry is well suited to determining ion fragmentation rates because the time domain is monitored directly. Fragmentation of ions in an accelerating field results in the production of daughter ions which exhibit a velocity deficit measurable by time of flight. Such a spread in velocities appears in the mass spectrum as a tail on the fragment peak that extends upward in mass towards the parent ion as shown in the inset of Figure 3 . However, the observed peak is also a superposition of the kinetic energy distribution and instrumental apparatus function, which typically complicates extraction of the pure fragmentation component. The unimolecular fragmentation rate dN dt of an ion is governed by the amount of internal energy available and can be described using a superposition of exponential decays as shown in (3),
where k max and τ max are the maximum rate constant and lifetime, respectively, for a given ion and τ is equal to 1/k. ϕ(k) and (τ ) are the distributions of rate constants and lifetimes generated by the distribution of internal energies. One should note that the integral above is in fact weighted according to the continuous probability distribution (k), and therefore, must be a power law function. Indeed, the experimental rates of fragmentation of metal clusters emitted via atomic ion 
Rather than directly fitting the function to the tail, we use its integral (5) to describe the area under the fragment peak, N f (shaded area in the inset of Figure 3) ,
Here, N tot is the total number of BPY molecular ions emitted within the duration of the experiment (∼10 6 projectile impacts). This serves to normalize the effect of the initial ion kinetic energies and apparatus function. Here t x corresponds to the time after projectile impact. When measuring the fragment peak area, the upper time boundary of the integration window determines the time frame over which fragmentation is monitored (Figure 3, inset) . The parent peak area, N p , can similarly be equated to the fraction of the initial population which does not fragment within the accelerating region as shown in (6) ,
where t acc is the total time a parent ion spends in the accelerating region. One should note here that, for a linear time of flight mass spectrometer, the molecular ions of population N p , which fragment within the field free region strike the detector at virtually the same time, regardless of their time and position of fragmentation. This time span corresponds to the integration interval used in (6) (t acc → ∞). Thus, for the approach described in Eqs. (5) and (6), two fragmentation time windows, t = 0 · · · t x and t = t acc · · · ∞, define the experimental time region. The times t x and t acc for a given BPY ion are determined via classical electrodynamics using various physical parameters of the time of flight mass spectrometer, including the lengths of the accelerating and field free regions, accelerating voltages, experimentally measured ToF, and parent ion mass.
Time t = 0 is defined as follows: Within the first few ps after impact, projectile energy is dissipated within the surface via crater formation, with atoms and small fragments being "splashed" out of the crater volume. 41 According to molecular dynamics simulations, larger molecules are emitted from the crater rim, where strong vibrational excitation results in a translational push away from the surface. Then, a few picoseconds after projectile impact, these intact molecules are emitted and begin to undergo unimolecular decay. Thus, the experimental t = 0 corresponds to the initial few picoseconds of initial emission processes described above.
In order to evaluate the a and c parameters, it is necessary to first generate a fragmentation ratio quantity which is analogous to the survival yield quantity described above. This ratio, defined in (7), must be measured under two different experimental conditions which probe different time windows of observation
This was done by measuring
at two different ion accelerating voltages (5 and 10 kV) for each sample. In this way, the molecular ion spends different amounts of time within the accelerating region and undergoes more or less fragmentation accordingly. This generates two versions of (7), each with its own unique
, t x , and t acc values. Thus, the accuracy of our experiment is not only determined by the width of the fragmentation time windows (0 · · · t x , t acc · · · ∞) 5kV and (0 · · · t x , t acc · · · ∞) 10kV but more strongly depends on the magnitude of the relative "shifts" of these windows, t x and t acc . The magnitude of these "shifts" is purely dependent on the range of accelerating voltages chosen. We show below that the time "shifts," t x and t acc , for 5 and 10 kV are sufficient to compute the a and c parameters correctly for the p-OCH 3 , p-CH 3 , and p-Cl BPY ions, but insufficient for the p-CN molecule. In order to improve the a and c calculation accuracies for this molecule range of acceleration potentials used should be increased (e.g., 5-25 kV). The system of two equations (two versions of (7) for 5 and 10 kV) can then be solved to determine the common a and c parameters. Through the derivation provided in Ref. 39 , it is possible to express the rate constant and lifetime distributions of the parent ion as a function of the calculated a and c parameters as shown in (8) and (9),
where (a − 1) is a gamma function. Rate constant and lifetime distributions calculated for the p-OCH 3 , p-CH 3 , p-Cl, and p-CN BPY ions are provided in Figure 6 . No measurable change of the fragmentation ratio ( N f N p ) was observed for the p-NO 2 species between the 5 kV and 10 kV spectra due to the long average lifetimes of this ion. Because of this observation and the presence of competing fragmentation pathways, the p-NO 2 BPY ion is excluded from consideration.
The plots in Figure 6 reveal the extreme range of frequencies and lifetimes the rate constant and lifetime distributions, respectively, cover. Each type of distribution correctly orders the four BPY ions analyzed according to their critical bond energies. For the rate constant distributions (Figure 6(a) ), this means the slope of the left side of the distribution is decreasing for the strongly bound p-CN ion but increasing for the weakly bound p-OCH 3 species. Each of the distributions rapidly decreases as the rate constant approaches the frequency of atomic oscillations. For the lifetime distributions ( Figure 6(b) ), the right side of the p-CN distribution is extended towards longer lifetimes, while the p-OCH 3 distribution decreases more rapidly with the other two BPY ions correctly ordered as well. The observed lifetimes are again limited to the time scale of atomic oscillations, inversely to the rate constant distributions.
D. RRKM unimolecular fragmentation treatment
MassKinetics, a RRKM-based mass spectrometry simulation program, 42 was used to calculate the internal energy dependence of the reaction rates for each BPY ion. The bond dissociation energies, ground state oscillator frequencies, and transition state oscillator frequencies are required for this calculation. As described above, the CCSD(T)/BSII//B3LYP/BSI dissociation energies were used, while frequencies were calculated at the BMK/BSI optimized geometry. All attempts to calculate a tight transition state (1st order saddle point) corresponding to the reaction for the preferred fragmentation pathway (Figure 1 ) failed, indicating that it proceeds through a loose transition state. A relaxed potential energy scan (BMK/BSI) along the C-N bond with a step size of 0.1 Å for 30 steps was performed and included a frequency calculation at each step. The resulting electronic en- ergy profile for each scan corresponded to a barrierless process. To locate the loose transition state, the frequencies of the parent ion were used to obtain a Beyer-Swinehart 43 direct count of states from 0.0 to 2.0 Å past the equilibrium C-N bond length at an internal energy of 5.95 eV. The transition state was then taken to be the point along the dissociation reaction path which displayed the minimum sum of vibrational quantum states. The rotational states were not included. The oscillator frequencies at this transition state were then used for the RRKM calculation. As seen from Figure 7 , the transition states for the p-OCH 3 , p-CH 3 , p-Cl, and p-CN BPY ions lie at 1.2 Å, 1.4 Å, 1.4 Å, and 1.6 Å beyond their equilibrium C-N bond distances, respectively. This trend shows that the more strongly bound the BPY molecule is, the farther the C-N bond must stretch to reach the transition state and the slower the reaction will proceed. As expected, at an internal energy of 7.19 eV, the minimum in the sum of states moves 0.1 Å closer to the equilibrium C-N bond distance for each species.
It is important to note that all molecules investigated displayed an imaginary oscillator mode corresponding to the breaking of the C-N bond. At longer C-N bond distances, a second imaginary frequency emerges for each ion whose mode corresponds to a twisting motion of the parent ion and the pyridine (see Figure 1 of the supplementary material) . 46 For all ions the second imaginary mode appeared between 1.9 and 2.1 Å beyond their equilibrium C-N bond distances.
BMK/BSI ground and transition state frequencies for the four BPY ions are provided in Table III of the supplementary material. 46 The MassKinetics software uses these frequencies to determine the number of quantized energy states at the transition state (W
) and the density of quantum states for the ground state geometry (ρ(E)) for each molecule according to the traditional RRKM equation,
where h is Planck's constant. A plot of log(k(E)) versus E at a number of discrete energy values is generated by the MassKinetics program. These relationships are shown in Figure 8 as the rate constant (k(E)) versus energy. The traces for each ion originate at the critical energy because the reaction cannot occur for internal energies below this threshold. Above this threshold, the rate constant rapidly increases as the internal energy increases but then levels off as the rate approaches the frequency of a single bond oscillation. The RRKM relationships show that for a given internal energy, the fragmentation rate for more weakly bound BPY ions is much higher than those with a greater critical energy. In order to generate an analytic function to describe the curves in Figure 8 , each dataset was fitted to (11) using the web-based curve fitting program available at zunzun.com,
where x, y, and z are variable parameters. Differentiation of k(E) with respect to E gives (12),
From the algebraic structure of (11), it is possible to see that the y parameter is somewhat analogous to E 0 dissociation as this constant is parenthetically grouped with the energy variable (E + y). Indeed, the y values calculated for each BPY ion (see Table II ) match well with the CCSD(T)/BSII//B3LYP/BSI dissociation energies reported in Table I . In each case, the y value is negative, meaning it is subtracted from the energy variable (E − y) and therefore sets the minimum E value required to make this term non-negative. In physical terms, this is the minimum internal energy required for fragmentation to proceed.
E. Conversion to the internal energy distribution
The distribution over internal energies for each BPY ion can now be generated according to (13) ,
which is a product of the rate constant distribution (Figure 6(a) ) and RRKM fitting curve derivative. Equation ( and p-Cl species give relatively narrow distributions, while the p-CN system gives a distribution that is wider and shaped differently than the other three molecules. This variation can be traced to the minimal change obtained for the fragmentation ratio (
) measured between the 5 and 10 kV accelerating potentials. Similarity in these values results in a reduced accuracy in the determination of a and c values which can satisfy the system of equations (see Table II ). This error is ultimately translated into the observed internal energy distribution. Conversely, significant differences in fragmentation ratios measured for the other three BPY ions make the sizes and shapes of their distributions more reliable.
Normalizing these distributions according to the number of atoms (Figure 9(b) ) or number of degrees of freedom (Figure 9(c) ) in the parent molecule reveals an interesting trend. The most probable internal energy value for each of the BPY ions occurs at a different energy. The relative spread in measured internal energy distributions orders the BPY ions according to their calculated critical bond energies (given in Table I ). That is, the higher the E 0 dissociation for a given BPY ion, the higher the calculated internal energy distribution.
IV. DISCUSSION
This study presents a model for interpreting secondary ion internal energies for species emitted from hypervelocity nanoparticle impacts. These species have an average energy per atom, E /atom, of 0.24 eV and an average energy per degree of freedom, E /dof, of 0.086 eV. Previous experiments for 9 keV Xe + atomic projectiles measured the internal energies of sputtered metal clusters to be ∼1-2 eV/ atom, 40 while a post-ionization experiment with 25 keV Bi 3 + projectiles reported internal energies of 0.17 eV/atom for thymine molecules. 44 However, this value likely underestimates the average internal energy for all emitted species because molecules which fragment prior to the ionizing laser pulse are not sampled. Molecular dynamics simulations of 20 keV C 60 impacts on an octane surface suggest most intact emissions have energies less than 0.35 eV/atom. 45 The current result shows that emissions from the even more massive Au +4 400 projectile are similar if not lower in energy than those observed for smaller projectiles.
An average internal energy of ∼0.19 eV/atom has been reported for electrospray ionization using the same BPY ions as this study. 24 The surprising result that ions formed under such energetic conditions as projectile impacts have internal energies comparable with those formed using a "soft" ionization techniques such as electrospray ionization, suggests that cluster SIMS is a viable approach for the analysis of labile molecules.
V. CONCLUSIONS
A complete list of oscillator frequencies for the ground and transition states of multiple BPY ions are reported here in, allowing for the elimination of empirical correction factors such as the pre-exponential factor and arbitrary frequency reduction in favor of a more comprehensive quantum mechanical description of the BPY system. Bond dissociation energy calculations show that DFT calculations, with even larger basis sets than those previously used, 23, 24 are still insufficient for a proper description. Agreement between the four highest level ab initio theories offers a confirmation that the CCSD(T) values presented offer a more accurate approximation of the BPY dissociation energies. Use of the traditional AM1 or B3LYP bond energies in the present study would have underestimated all internal energies by nearly a factor of three, suggesting previous studies utilizing these values may have also underestimated the actual internal energy distributions.
The current method for determining ion internal energies via ToF mass spectrometry can be used as a metric for comparing various parameters across instrumentation. This first implementation for hypervelocity nanoprojectile impacts allows for relative comparisons with previous measurements that show cluster SIMS is capable of producing ions with internal energies similar to traditionally "soft" ionization techniques. Future work to improve the implementation of this method should include extending the range of ion accelerating voltages used. The current study utilized two different accelerating potentials (5 and 10 kV), but incorporating an additional accelerating potential (e.g., 25 kV) should further improve the precision of the method presented. This approach would be particularly effective for BPY ions with high dissociation energies such as the p-CN species.
